Biosynthesis of the gibbereilin precursor ent-kaurene-'4C from mevalonic acid-2-'4C was assayed in cell-free extracts of shoot tips of etiolated and light-grown Alaska (normal) The morphological unit called the "shoot tip" is, for plants older than 5 days, the portion of the shoot above, and including the uppermost node, and closed stipules of which were <1 cm in length. If the leaf at this node had elongated so that the leaflets were not in contact with the stipules, the leaf was removed. The entire epicotyl was harvested from 3-day-old plants, and the portion of the shoot above the first scale leaf was harvested from 5-day-old plants ( Fig. 1) .
tracts from pea shoot tips to synthesize kaurene is indicative of the potential of shoot tips to synthesize GAs.
The purposes of the present investigations were to: (a) improve conditions for assaying kaurene synthesis in cell-free extracts of Alaska pea shoot tips so the system could be used for comparative studies; (b) determine whether the capacity of cell-free extracts of Alaska pea shoot tips to synthesize kaurene is correlated with the growth rate of shoots during the ontogeny of light-grown plants; and to 20 C, or were cultured in darkness as described later. The natural light intensity was supplemented with, and the natural photoperiod extended by, Gro-Lux fluorescent lamps; light intensity varied from 1200 to 1700 ft-c at the level of the plants. The Shoot tips of 14-day-old light-grown plants were used for most of the experiments directed toward optimizing conditions for the cell-free system. In studies to determine the relationship between kaurene-synthesizing activity and plant age, shoot tips of light-grown plants were harvested at 2-or 3-day intervals until the plants were 24 days old and once thereafter, over a period of several days, when the plants were 30 to 43 days old and had one or more fully open flowers.
The morphological unit called the "shoot tip" is, for plants older than 5 days, the portion of the shoot above, and including the uppermost node, and closed stipules of which were <1 cm in length. If the leaf at this node had elongated so that the leaflets were not in contact with the stipules, the leaf was removed. The entire epicotyl was harvested from 3-day-old plants, and the portion of the shoot above the first scale leaf was harvested from 5-day-old plants ( Fig. 1) .
All plants used in the de-etiolation studies were grown in growth chambers. Dark-grown plants received 16 Preparation and incubation of reaction systems using cellfree extracts from etiolated and greening tissue were done under the green safelight. The chlorophyll content of greening shoot tips was estimated by the procedure of Arnon (1) .
Protein content of 10% trichloroacetic acid-insoluble material in the enzyme extract was determined by the method of Lowry et al. (23) , using bovine serum albumin as a standard.
Reagents. Mevalonic acid-2-14C lactone (specific radioactivity 12.9 mc/mmole) in benzene solution was purchased from Amersham/Searle Corporation, Des Plaines, Ill. The benzene was evaporated under N2, and the lactone was hydrolyzed in 100% excess NaOH for 8 hr. Polyvinylpyrrolidone (insoluble Polyclar-AT) was obtained from Aniline Film Corporation, Graselli, N.J. The PVP was washed twice with distilled water and once with 0.1 M KH,PO4-K2HPO4 buffer, pH 7.1; it was then suspended in 0.1 M KH2PO-K,HPO4 buffer, pH 7.1, containing 100 Mm chloramphenicol. After sedimentation, the excess buffer was removed and the wet PVP was stored at 4 C. Squalene was purchased from Sigma Chemical Company. Kaurene was a gift from Dr. Robert K. Clark, Jr. of Abbott Laboratories, North Chicago, Ill.
RESULTS
Partial Optimization of Assay Conditions. The preparation and assay conditions described in "Materials and Methods" gave optimal activity for kaurene synthesis. The following characteristics of the system are considered especially noteworthy: (a) reaction velocity was directly proportional to enzyme concentration up to approximately 8 mg of protein per 1.0 ml of reaction mixture, but reaction mixtures containing more than 10 mg of protein per 1.0 ml displayed submaximal activity; (b) the reaction velocity was constant through 120 min at 30 C; (c) the optimal pH was 7.1, and activity decreased abruptly at higher and lower pH values; (d) ATP at concentrations from 0.3 mm to 6.0 mm yielded maximal activity, and higher concentrations were inhibitory; (e) reaction velocity varied in predictable manner with substrate concentration, and 18 to 20
Mm MVA was saturating; (f) Mn2" was a much better activator than Mg2+ when either cation was used alone at concentrations below about 2.0 mM, but both cations together, each at 1.0 mm, yielded maximal activity; (g) omission of dithiothreitol resulted in 50% or greater reduction in activity; (h) kaurene synthesis was completely inhibited by 150 Mm Amo-1618; and (i) contrary to the report of Coolbaugh et al. (8) , activity in an aerobic atmosphere was equal to that in an anaerobic one. Optimal conditions for squalene synthesis were not determined.
Ontogenetic Variations in Capacity for Kaurene and Squalene Synthesis. Kaurene synthesis was not detectable in epicotyls of 3-day-old seedlings ( Fig. 2) . However, activity was detectable in extracts of plants older than 3 days and became maximal in shoot tips of 9-day-old plants. Thereafter kaurenesynthesizing activity remained relatively constant until the 24th day, during which interval the growth rate still was increasing. The (Table I) . Studies then were conducted to determine the rate of increase in kaurene-synthesizing capacity of shoot tips as 10-day-old etiolated plants were exposed to continuous high intensity illumination. The increase in chlorophyll content of 7 the shoot tips was used as an indication of the de-etiolation process.
The change in the morphological unit harvested during the 36-hr greening period is illustrated in Figure 3 , and Figure 4 represents the results of a typical de-etiolation study. Four such experiments were performed and, although the absolute values for kaurene-synthesizing activity varied considerably among studies, the same general trend during the first 12 hr of illumination was observed in all the experiments. An approximately exponential increase in activity occurred between the 3rd and 12th hr of greening. Thereafter, activity was nearly constant for a succeeding 24 hr of illumination. Extracts of 12-hr illuminated shoot tips displayed activity comparable to that found in shoot tips of 10-day-old light-grown plants.
The data in Figure 4 and those from other identical studies suggested that light might initiate an endogenous rhythm in kaurene-synthesizing activity in shoot tips. To determine if such a circadian rhythm was present, plants were grown in the greenhouse receiving 16 hr of light and 8 hr of darkness per day. Beginning on the 10th day of growth, shoot tips were harvested at certain time intervals throughout the light and dark periods for 2 days. There was no indication of a circadian (10, 24) . Furthermore, the results for pea shoot tips are analogous to those for developing pea seeds, in which a large increase in capacity for kaurene production appears to precede slightly the period of maximal GA biosynthesis (7 (Fig. 2) , support this conclusion.
It appears that stem growth of light-grown Alaska peas during early ontogeny is regulated, to a considerable extent, by the rate of GA biosynthesis, which in turn may be controlled by the rate of kaurene formation in the shoot tip. Although a decline in growth rate occurs immediately after anthesis in Alaska peas (10) (Fig. 4) , at present we have no evidence to suggest that the two processes are directly related. Chloramphenicol, reportedly an effective inhibitor of plastidic, but not cytoplasmic, protein synthesis (28, 33 , also see 20) , inhibited the light-induced increase in extractable GA in etiolated barley leaf sections, which led Reid and Clements (30) to speculate that some process involved in GA production might occur in the chloroplasts. Moreover, Stoddart has found GA-like activity associated with the chloroplast fraction of leaf homogenates of Brassica oleracea var. acephala, and that chloroplast preparations could incorporate ent-kaurenoic acid into GA (34, 35) . The synthesis of kaurene from mevalonate does not require particulate enzymes (19, 37) ; however, the preparation procedure utilized in our investigations does not preclude contamination of the enzyme extract with enzymes or other substances of chloroplast origin.
The role of de novo GA biosynthesis in stem elongation of dark-grown plants has been questioned (15, 27) , and Paleg (27) proposed that growth in such plants may depend primarily upon the utilization of GA reserves in the seed or seedling. We have found relatively low, but quite detectable, kaurene-synthesizing activity in extracts from shoot tips of 10-day-old dark-grown plants, which shows that the potential for de novo GA synthesis is present. The fact that AMO-1618 inhibits elongation of etiolated pea stems (14) is evidence for the dependence of stem growth on de novo GA synthesis in darkgrown peas.
Dwarfism in varieties and mutants of several species has been correlated with a lower content of extractable GA compared to that found in normal (tall) varieties (11, 25, 29, 36) . However, in the case of peas, the situation is complex. Kende and Lang (14) found no difference in the extractable GA content in light-grown and dark-grown dwarf peas. Furthermore, Jones and Lang (12) detected no significant difference between tall and dwarf peas or between light-grown and dark-grown peas with respect to their extractable or diffusible GA contents. These authors have described dwarfism in peas in terms of a light-induced difference between tall and dwarf cultivars in their sensitivity to a certain endogenous GA. However, an explanation for dwarfism in peas is complicated by reports of Kohler, who found that light-grown tall peas contained much more of a certain extractable GA fraction than did light-grown dwarfs, and that the extractable GA content of light-grown tall or dwarf peas was considerably greater than that of the tall cultivar grown in the dark (15, 16, 18) . Our results are more in accord with those of Kohler, in that we have found that cell-free extracts from light-grown shoot tips of either the tall or the dwarf cultivar exhibited greater kaurene-synthesizing activity than was found in such extracts from etiolated shoot tips. Furthermore, cell-free extracts from shoot tips of lightgrown Alaska peas were found repeatedly to possess greater kaurene-synthesizing activity (1.4-5 times) than that found in extracts from light-grown Progress No. 9 shoot tips (Table I) . Our results also agree closely in certain important respects with those of Barendse and Lang (3), who determined the amounts of bound and free GAs in extracts from dwarf and tall strains of Pharbitis nil grown in darkness or in light during the first 18 days following germination. The dwarf strain was found to contain less GA than the tall strain, and dark-grown plants of both strains contained less GA than light-grown ones, although in this case the differences in GA content were reportedly attributable mainly to differences in levels of bound GA.
